DNA sequences that can form unusual secondary structures are implicated in regulating gene expression and causing genomic instability. H-palindromes are an important class of such DNA sequences that can form an intramolecular triplex structure, H-DNA. Within an H-palindrome, the H-DNA and canonical B-DNA are in a dynamic equilibrium that shifts toward H-DNA with increased negative supercoiling. The interplay between H-and B-DNA and the fact that the process of transcription affects supercoiling makes it difficult to elucidate the effects of H-DNA upon transcription. We constructed a stable structural analog of H-DNA that cannot flip into B-DNA, and studied the effects of this structure on transcription by T7 RNA polymerase in vitro. We found multiple transcription blockage sites adjacent to and within sequences engaged in this triplex structure. Triplex-mediated transcription blockage varied significantly with changes in ambient conditions: it was exacerbated in the presence of Mn 2+ or by increased concentrations of K + and Li + . Analysis of the detailed pattern of the blockage suggests that RNA polymerase is sterically hindered by H-DNA and has difficulties in unwinding triplex DNA. The implications of these findings for the biological roles of triple-stranded DNA structures are discussed.
INTRODUCTION
In addition to the canonical double helix described by Watson and Crick over 60 years ago (1) , DNA can adopt a number of non-canonical conformations (reviewed in (2) ). These unusual DNA structures appear to play important roles in major DNA transactions (reviewed in (3)). Of particular interest are the effects of these structures on transcription, as this can influence gene expression and trigger a number of regulatory responses (reviewed in (4)).
Among the DNA structures that affect transcription are DNA triplexes, formed when the Watson-Crick DNA duplex accumulates a third strand via Hoogsteen-type hydrogen bonding. Because only purines are capable of participating in both Watson-Crick and Hoogsteen-type hydrogen bonding, triplex formation requires sequences in which one strand contains a sufficiently long stretch of purines (while the complementary strand contains a long stretch of pyrimidines). These are usually referred to as homopurinehomopyrimidine sequences. There are two major types of triplexes, Hoogsteen and reverse Hoogsteen, in which the third strand interacts with the purine strand within the duplex via Hoogsteen or reverse Hoogsteen base pairing, respectively. The first type usually contains protonated cytosines in the homopyrimidine third strand, which causes it to depend upon acidic pH for stabilization, while the second type usually has a homopurine third strand and is very stable under physiological pH and ionic conditions. Because of that, the reverse Hoogsteen triplex is a more likely candidate for biologically relevant roles (for detailed review of various types of triplexes and their properties see (5) ).
One way to form a triplex at a homopurinehomopyrimidine DNA region is to add an appropriate DNA (or its analog) oligonucleotide to serve as the third strand of the triplex. These intermolecular triplexes are widely recognized as potential tools for artificial gene regulation, mutagenesis and other genetic manipulations (reviewed in (6, 7) ). Specifically, they have been shown to arrest transcription elongation such that the blockage occurs as RNA polymerase (RNAP) attempts to enter the triplex-forming region (8, 9) . This observation is easy to explain, given that binding of the third strand additionally stabilizes the Watson-Crick duplex, making it difficult for RNAP to unwind the three-stranded region.
H-DNA is an intramolecular DNA triplex, which does not require an 'external' third strand, (reviewed in (5)). It is formed by two adjacent homopurine-homopyrimidine DNA stretches that are mirror images of one another (H-palindrome), where one stretch serves as an acceptor and another as a donor of the third strand ( Figure 1A) . During H-DNA formation, the donor stretch dissociates into two single strands. One strand winds back down the major groove of the acceptor stretch forming the triplex via Hoogsteen-type base pairing, while the other remains single-stranded. Both Hoogsteen and reverse Hoogsteen versions of H-DNA have been experimentally detected, and several nomenclatures to distinguish these two isoforms of H-DNA were suggested (reviewed in (5) ). Here we have only studied the reverse-Hoogsteen structure (see below), referring to it as 'H-DNA'. The net energetic balance of base pairing (i.e. formation of the reverse-Hoogsteen base pairs within the acceptor region versus disruption of the WatsonCrick base pairing within the donor region together with the base pairing disruptions and distortions in the center and at the borders of the H-palindrome) is in favor of B-DNA. Therefore, in the absence of additional factors facilitating H-DNA formation, the equilibrium strongly shifts toward B-DNA, rendering the B-to-H transition virtually undetectable under these conditions. One factor that strongly shifts the equilibrium in favor of H-DNA is negative supercoiling. This is because the formation of H-DNA is topologically equivalent to unwinding the entire H-palindrome and this unwinding partially 'absorbs' negative superhelical tension (reviewed in (5)). Therefore, the presence of negative supercoiling favors B-H transitions even in solution conditions that otherwise favor B-DNA.
A priori, one would expect H-DNA to affect transcription similarly to intermolecular triplexes: RNA polymerase pausing upstream of the H-palindrome when it bumps into the triplex. Surprisingly, the actual blockage pattern is just the opposite: blockage occurs downstream of an Hpalindrome (10, 11) . To explain this paradox, it was hypothesized that H-DNA is formed behind the transcribing RNA polymerase owing to an increased level of negative supercoiling upstream of the enzyme (12) . As a result, RNA polymerase becomes sterically sequestered at the downstream flank of the H-palindrome (10, 11) . Since disruption of mirror symmetry in the H-palindrome destabilizes H-DNA, this model predicts that it would reduce transcription blockage as well. This was indeed observed for the short, imperfect H-palindrome from the c-myc gene promoter (13) .
Surprisingly, for longer non-interrupted homopurinehomopyrimidine sequences, disruption of mirror symmetry does not affect the blockage signal (14) . It has been proposed that the principal cause for transcription blockage in these cases is the formation of R-loops behind elongating RNA polymerase--a process that favors homopurine runs in the coding strand, but that does not require mirror symmetry (14) . Thus, the contribution of H-DNA to transcriptional blockage could vary depending on the composition of a homopurine-homopyrimidine sequence. Note that the R-loop and H-DNA models of transcription blockage are not mutually exclusive: an H-DNA-like structure could serve as an intermediate in the process of R-loop formation (15) . The fact that G-rich, homopurine-homopyrimidine sequences during transcription can also form quadruplexes ((16) , reviewed in (17)), which are known to inhibit transcription (18, 19) , additionally complicates these interpretations. Given that H-DNA was detected in vivo and has been proposed to regulate transcription (reviewed in (20) ; also see Discussion), it is of prime interest to understand its interference with the transcription machinery. To clarify the effects of H-DNA on transcription, it is useful to study a model DNA template containing this structure in a 'frozen' state. The formation of B-DNA in the donor region is the main H-DNA destabilizing factor at an Hpalindrome. To preclude this, we designed a stable analog of H-DNA in which DNA strands comprising the donor region and the center of the H-palindrome are rendered noncomplementary ( Figure 1B ) and cannot form a duplex to compete with triplex formation. Triplex formation in this case does not require negative supercoiling, and the transcribing RNA polymerase encounters a preformed stable triplex. This experimental system allows us to directly determine whether the presence of H-DNA in the transcriptional template blocks RNA polymerase and to learn the mechanisms of triplex-mediated transcription blockage. We found that RNA polymerase is sterically hindered by H-DNA and has severe problems in unwinding the triple helical part of this structure.
MATERIALS AND METHODS

Preparation of DNA substrates
Supplementary Figure S1 illustrates the general strategy for the preparation of DNA substrates, similar to that described previously (21, 22) . Briefly, a double-stranded DNA fragment containing the T7 promoter was obtained by EcoRI and BsgI restriction digest of the pG4 plasmid (14) followed by its ligation to various triplex-and duplexcontaining templates, which were obtained by annealing of synthetic oligonucleotides (see Supplementary Materials for details).
In vitro T7 transcription assays
T7 RNA polymerase transcription reaction and its product analysis were performed as previously described (e.g. (21, 22) ). Briefly, DNA substrates were transcribed in the presence of non-radioactive NTPs mixed with radioactive CTP, and radioactive transcripts were then analyzed on sequencing gel. The longest transcript (run-off product, RO) results from unperturbed transcription, while transcription blockage produces various truncated transcripts (see Supplementary Materials). Transcription was performed under the standard conditions: 6 mM MgCl 2 , 8.3 mM NaCl, 37.8 mM Tris HCl (pH 7.9), 1.7 mM Spermidine, 4.2 mM DTT, or in special buffers. Mn-buffer contained 1 mM MgCl 2 and 2 mM MnCl 2 instead of 6 mM MgCl 2 ; K-buffer contained 80 mM KCl instead of 8.3 mM NaCl, and Li-buffer contained 80 mM LiCl instead of 8.3 mM NaCl.
Restriction protection assay
The restriction protection assay was performed as described in (14) . It exploits the presence of a BsgI cleavage site inside the triplex-forming sequence, since formation of a triplex inhibits BsgI digest (Supplementary Figure S2 and Supplementary Materials). Homopurine strand in the acceptor part of the H-palindrome, which would become a central strand of H-DNA triplex, is shown in red; its complementary homopyrimidine strand is shown in blue; homopurine strand from the donor part of H-palindrome, which would be donated to a triplex is shown in orange; its Watson-Crick complement is shown in turquoise; flanking sequences are in black. The donor and acceptor parts of the H-palindrome could be separated by several base pairs of arbitrary sequence. In the process of H-DNA formation, the donor part of an H-palindrome unwinds and donates one of its strands to the triplex. Usually, the energy of triplex formation is not sufficient to compensate the melting of duplex regions required for triplex formation. Consequently, transition to H-DNA requires additional energetic input from negative supercoiling. (B) Stable H-DNA analog. Strands in the donor part of the H-palindrome (as well as in the middle, and a few nucleotides at the flank) are not complementary, eliminating the energetically unfavorable step of duplex melting from the triplex formation process. Consequently, H-DNA is exceptionally stable and its formation is practically irreversible.
DNA melting experiments
DNA melting experiments were performed as previously described (23 
RESULTS
T7 transcription is arrested by triplex-forming sequences
We have designed an artificial triplex-forming Hpalindrome sequence, in which the two DNA strands of the donor half are non-complementary and cannot form a duplex. This ensures that this intramolecular triplex is thermodynamically stable, even in the absence of negative supercoiling ( Figure 1 ). As a basic triplex-forming motif, we have chosen a sequence comprised of CGG and TAT triads ( Figure 2A ). These sequences have been previously studied and shown to form a very stable triplex that blocks DNA replication in vitro ( (23) and references therein). These templates were obtained by annealing of specific synthetic oligonucleotides in different combinations, followed by their ligation to a DNA fragment containing the promoter for T7 RNA polymerase (Supplementary Figure  S1) . Figure 2B shows the expected structures for various experimental and control templates used in our transcription experiments. When both strands are completely complementary, the substrate is predicted to form a perfect Watson-Crick duplex (first column, first row) in the absence of DNA supercoiling. When the homopyrimidine run in the donor part of the sequence is replaced by a random sequence (first column, second row), a stable ('perfect') triplex is predicted to form.
We also used templates, in which three thymines were replaced by cytosines in the donor region, resulting in a mismatched duplex and triplex (second column, first and second rows, respectively), as well as templates with four guanine-to-thymine substitutions along with the three Tto-C substitutions (third column; exact sequence is in the scheme at the top). The latter templates (designated as 'duplex' and 'triplex' bulges) contained seven mismatches in a sixteen bp-long sequence and are not expected to form stable duplexes or triplexes within the mismatched area. Formation of triplexes in these transcription templates was monitored by protection against BsgI digestion (Supplementary Figure S2 ). As expected, the perfect triplex, but not the triplex bulge, protects the acceptor duplex against BsgI digestion. In the case of the mismatched triplex, a partial protection from BsgI digestion was observed, suggesting that the mismatches do not abolish the triplex formation completely, likely owing to the fact that they do not perturb the stabilizing GGC triads.
Because oligonucleotides within these constructs were not phosphorylated, an unsealed nick remains in the nontemplate strand between the promoter fragment and the structure-forming sequence. We have previously shown that a nick in this position does not affect the results of our transcription assay (21) . Typical results of in vitro transcription for these templates are shown in Figure 3A . The most intense signal, between 320 and 330 nucleotides, corresponds to the full length 'run off' RNA product (designated 'RO'), which forms when the polymerase reaches the end of the template. The second most intense signal, at ∼240 nucleotides, corresponds to the 'run off' from those promoter fragments that did not ligate to the structure-forming oligonucleotide construct (see Supplementary Figure S1 ). Bands between these two signals correspond to truncated transcription products resulting from transcription blockage, and are referred to as 'blockage signals'.
In the perfect duplex template ( Figure 3A , lane 1), there are low intensity blockage signals, slightly above background. The most prominent of these blockages is the 'msignal' at the middle of the synthetic sequence. We believe that these signals simply correspond to sequences for which the probability of transcription termination is above average. In the case of the triplex-bearing template ( Figure 3A , lane 2), at least two significantly stronger blockage signals appear: one upstream (up), and another downstream (dn) from the m-signal. Furthermore, blockage at the m-signal position becomes more pronounced relative to the run off product ( Figure 3B ). For triplex-forming templates overall, truncated transcripts constitute 19% of total transcripts, with roughly half of those corresponding to the upstream signal (see Methods for calculation). Figure 3C shows the results of mapping of the most prominent blockage positions. We found that the up-signal corresponds to the junction between the single-stranded part of the template strand and the triplex, while m-and dn-signals are within the triplex-forming region. In addition, the triplex seems to exacerbate minor blockage signals over the entire oligonucleotide construct as compared to the duplex, including areas outside the region directly involved in H-DNA formation. This could be caused by extended RNA-DNA hybrid formation and by collisions between stalled and elongating RNA polymerases (see Discussion).
To check whether a destabilization of the triplex would reduce transcription blockage, we replaced thymines in the third strand with cytosines, which cannot form Hoogsteen base pairs with adenines. As expected, transcription blockage at this mismatched triplex was significantly weaker (Figure 3A and B, lane 4 versus lane 2). These substitutions, however, did not abolish transcription blockage completely, consistent with only partially impaired triplex formation, as evident from the BsgI protection assay in Supplementary Figure S2 . Furthermore, transcription reactions performed under the same ambient conditions as the restriction protection assay resulted in transcription pattern similar to that observed in our standard conditions ( Supplementary Figures S3 and S4) . Figure 3A ), while the additional signal 'up' appears only in the presence of Mn 2+ ions (see Figure 4) . Triangle width roughly corresponds to the resolution of the mapping (about 5 nt).
As expected, mismatched duplex constructs produced virtually the same transcription pattern as the respective normal duplex ( Figure 3A and B, lane 3 versus lane 1).
Transcription blockage is sensitive to bivalent cations in the reaction
Bivalent cations are known to differentially affect the stability of pyrimidine-purine-purine DNA triplexes (24, 25) . Specifically, these triplexes are more stable in the presence of manganese than magnesium (24) . To confirm our hypothesis that the strength of transcriptional blockage is correlated with the stability of triplexes, we conducted a T7 RNA polymerase transcription reaction in the presence of 2mM Mn 2+ .
As expected, the intensity of triplex-mediated transcriptional blockage increased significantly in the presence of Mn 2+ ( Figure 3A , lane 2 versus Figure 4A , lane 2). In these conditions, truncated transcripts accounted for nearly 90% of total RNA products (see quantitation below Figure 4A ) as compared to ∼20% in the presence of Mg 2+ (see quantitation in Figure 3B ). Furthermore, a new arrest band (designated as 'up'), which was not observed in standard transcription conditions, appeared approximately 5 bases upstream of the H-DNA boundary (see Figure 3C ). This truncated transcript corresponded to 33.5% of the total RNA product. This new blockage signal may have arisen from the collision of an oncoming RNA polymerase with the stalled one at the triplex edge.
In concordance with our results under standard conditions, the mismatched triplex with T-to-C substitutions causes less transcription blockage than the perfect triplex in the presence of Mn 2+ ( Figure 4A , lane 4 versus lane 2). In fact, the difference between these two constructs is even more pronounced in manganese transcription buffers. The sequence with seven mismatches in the third strand (Figure 4A , 'triplex bulge', lane 6) does not give rise to any strong blockage signals ( Figure 4A, lane 1) . This is consistent with the idea that the triplex is completely destabilized by these mismatches. A more detailed analysis shows that the bulge in the substrate exacerbates weak, diffusive blockage signals in the downstream duplex region, which we explain by the R-loop formation (see Supplementary Figure  S3 and its legends).
Note that in the presence of manganese, the run-off product is heterogeneous, i.e. comprised of several bands. This heterogeneity has been occasionally observed for T7 RNA polymerase (26) . We suggest that it is caused by substandard conditions (the presence of Mn 2+ ) in our transcription reaction.
Transcription blockage is exacerbated by monovalent metal cations.
When a DNA strand contains guanine runs, another non-B DNA structure, called a G-quadruplex, can form (reviewed in (27) ). In our transcription reaction, G-quadruplexes could form in either the non-template DNA strand or in the nascent RNA transcript, both of which might contribute to transcription arrest (reviewed in (4)). To evaluate the role of G-quadruplexes in our system, we capitalized upon their dependence on monovalent cations. G-quadruplexes are more readily formed in the presence of potassium (K + ) than in the presence of lithium (Li + ) ions (28) . If G-quadruplexes contribute to transcription blockage in our system, we would expect to observe more truncated transcripts in the presence of K + than Li + ions. We conducted T7 transcription reactions on triplex forming DNA templates in two different buffers, containing either 80 mM K + or 80 mM Li + ions. In both conditions, we observed the same pattern of triplex-mediated blockage comprising the three well-pronounced up-, m-, and dnsignals ( Figure 4B, lanes 3 and 4) . The intensities of blockage signals relative to run-off products were similar in the presence of potassium or lithium ( Figure 4B, lower panel) . These data suggest that transcription blockage observed in our experiments is not caused by G-quadruplexes.
Though we did not observe significant differences between the effects of Li + and K + ions on transcription blockage, both caused strong increase in transcription blockage compared to standard conditions ( Figure 4B , lanes 3, 4 ver-sus Figure 3A , lane 2), in which the concentration of monovalent metal cations was about 10-fold lower. This effect could be due to non-specific stabilization of DNA triplexes by increased salt concentration. Alternatively, it may be the result of destabilization of the transcription complex by increased salt concentration ((29) and references therein), which could make RNA polymerase more 'sensitive' to obstacles in general.
To check whether our triplex is additionally stabilized by increased salt concentration, we performed DNA melting experiments using self-folding oligonucleotides described in (23) that form triplexes of the same base composition as our transcription substrates (Supplementary Figure S5) . It was previously shown that these triplexes melt in one step, i.e. from a triplex to three separate strands (23) . Consequently, the presence of a triplex manifests itself as an increase in the melting temperature compared to that of the corresponding duplex DNA. Melting curves in Supplementary Figure S5 confirm triplex formation under our standard transcription conditions. In fact, the triplexes were so stable in these conditions that the midpoints of their melting curves (T m s) were technically impossible to reach. We did observe, however, an increase in absorbance with increasing temperature, indicative of partial triplex dissociation. The rates of these absorbance increases were similar in both standard and high salt conditions, implying that our triplex structures are not additionally stabilized by increased salt concentration. That might seem surprising, given that the increase in salt concentration is expected to stabilize nucleic acid complexes by screening of the repulsion between negatively charged phosphates. However, in our case, triplexes are pre-formed in the presence of bivalent (magnesium) cations, which are much more potent DNA binders than monovalent cations. Therefore, the presence of additional monovalent ions does not produce the apparent increase in triplex stability. Also note that in certain cases, triplex formation could be suppressed by monovalent cations. For example, usual H-DNA formation requires higher negative supercoiling at higher concentration of sodium salt (30) , and intermolecular pyrimidinepurine-purine triplex formation is inhibited by potassium (31) (32) (33) . Both these effects are likely to be due to stronger stabilization of the structure competing with the triplex formation: B-DNA in the donor half of the H-palindrome in the first case, and G-quadruplex in the triplex-forming oligonucleotide in the second case (33) . In our case, competition with B-DNA is excluded by design of the system (Figure 1) and quadruplex formation in the Hoogsteen strand is avoided by pre-forming the triplex in the absence of monovalent cations.
Therefore, high salt conditions do not have an apparent effect upon the triplex in our system; thus, we believe that the increase in transcription blockage observed in high salt conditions is likely due to destabilization of the transcription complex (29) , rendering it particularly prone to blockage by local DNA structures.
Orientation of a DNA triplex changes the pattern of transcription blockage
In our initial transcription experiments, elongating T7 RNA polymerase transcribes the strand that does not participate in the formation of reversed Hoogsteen base pairs. To further investigate the mechanism of transcriptional arrest in DNA triplexes, we created a 'reverse triplex' template. In this template, the orientation of the promoter was reversed such that RNA polymerase transcribes a central strand of the triplex, which is involved in both WatsonCrick and Hoogsteen base pairing ( Figure 5A ). Since this would require T7 RNA polymerase to unwind the DNA triplex as a whole, this configuration was expected to result in a stronger triplex-mediated blockage of transcription. To ensure maximum stability of the reverse triplex, transcription assays with this template were performed in the presence of Mn 2+ . Figure 5B (lane 4) shows a well-pronounced blockage (up rev ) that occurs at a position adjacent to the edge of three-stranded region in the reverse triplex ( Figure 5A ). The remaining blockage signals appear to be superficial for this construct. These data suggest that when RNA polymerase bumps into the reverse triplex, it dismantles it via an 'allor-none' mechanism. This is in contrast to the more subtle process of dismantling the opposite orientation triplex (Figure 5B, lane 3) , in which RNA polymerase can progress inside the triplex zone more easily. Surprisingly, the blockage caused by the reverse triplex was unexpectedly small: about 12% of the total run-off product, as compared to the 30% blockage observed for the m-signal alone in the original orientation (see Discussion).
Removal of steric strain in a triplex simplifies the pattern of transcription blockage
In addition to the difficult-to-unwind triplex, H-DNA may also inhibit transcription by sterically sequestering RNAP in sharply bent elements of the structure (see Discussion). This type of steric sequestration was invoked to explain transcription blockage at the end of homopurinehomopyrimidine runs (10, 11) . To test if steric blocks contribute to triplex-mediated transcription blockage, we designed a structure called a 'cut triplex', which contained a break at the duplex-to-triplex junction in the non-template strand of our original triplex structure. This break relieved the steric strain associated with the bulky H-DNA structure. Upon transcription of the cut triplex, the most promoterproximal up-band disappears ( Figure 6B , lane 3 versus lane 2). This suggests that this band could be due to a steric obstacle to transcription (see Discussion).
DISCUSSION
To elucidate the effect of H-DNA on transcription, we created synthetic analogs that fold into an intramolecular triplex configuration regardless of supercoiling and studied transcription by T7 RNA polymerase through these structures. Depending on specific design, RNA polymerase could first encounter either a donor, or an acceptor part of the H-palindrome (designated (d→a), or (a→d), respectively) with either a pyrimidine (y), or a purine (r) strand as the transcriptional template. In total, one can imagine four different transcriptional substrates ( Figure 7) ; of which we studied two--(d→a)-y and (a→d)-r in this work. Note that the (d→a)-y configuration is similar to the one responsible for 'suicidal replication' (34) as well as to H-DNA that might be induced by transcription (10, 12, 14) . It also mimics the orientation of many natural H-palindromes, including that found in the c-myc promoter (e.g. (13) and references therein). Furthermore, H-DNA formation in this orientation could compete with the formation of R-loops and/or G-quadruplexes in the non-template strand during transcription.
The simplest pattern of transcription blockage was observed for the (a→d)-r construct ( Figure 8A ): a wellpronounced blockage signal at the duplex-to-triplex junction. This pattern is likely due to RNA polymerase 'bumping' into the triplex and being unable to unwind it (scheme in dashed-bordered box below). In this orientation, the template strand for transcription is involved in both WatsonCrick and reverse Hoogsteen base pairing, requiring RNA polymerase to disrupt the entire triplex in order to pass through. This presents a much higher energetic barrier for the RNAP as compared to a construct in which the template strand participates in Watson-Crick base pairing only ((d→a)-y). That being said, the two displaced strands do not pair in the (a→d)-r structure resulting in a larger entropic barrier for triplex reformation than in the (d→a)-y structure (Figure 8B ), where the displaced strands could remain base paired via reverse Hoogsteen interactions (35, 36) . Thus, when the template strand participates in both Watson-Crick and reverse Hoogsteen base pairing, it is more difficult to unwind the triplex, but it is also more difficult to reverse the unwinding once it is initiated. That could explain efficient RNAP passage through the (a→d)-r structure, once the triplex is unwound.
The pattern of transcription blockage is more complex in the (d→a)-y construct ( Figure 8B ). RNAP could be sterically sequestered at the bent parts of this H-DNA structure (10,11) even before it faces the triplex per se. Furthermore, the nascent RNA could re-hybridize with the singlestranded part of the template strand, forming an extended RNA-DNA hybrid (R-loop), which could destabilize the transcription complex (37) . Transcription through this construct generates three blockage signals ( Figure 3A ): the most upstream one is at the junction between the single-and three-stranded DNA, while the two other signals are inside the triplex-forming region. The upstream and downstream bands are only evident in triplex-forming constructs; the middle band is seen in all constructs, but is much more intense in triplex-forming constructs. We conclude that these blockages are either caused by or exacerbated by H-DNA. To test whether the blockages are due to a triplex per se or to a sterical impediment to transcription by bent elements of H-DNA, we produced a construct called 'cut triplex', in which the connection between the flanking duplex and the third strand of H-DNA is severed (white block arrow in Figure 8 ). In this construct, steric constraints are removed while the overall H-DNA structure is upheld. Transcription through this structure did not produce the most upstream blockage signal, while the middle and the downstream signals remained intact ( Figure 6B) . Thus, the upstream signal Possible orientations of H-DNA relative to direction of transcription. RNA polymerase (shown as gray triangle on the template strand pointing in the direction of elongation) can either proceed from a donor part of the H-palindrome toward its acceptor part (d→a), or from an acceptor half to the donor (a→d) using either homopyrimidine (y), or homopurine (r) strands as templates. This results in four possible combinations of transcription substrates. Only substrates from the first column were studied in the current work. appears to be due to steric constraints, while the other two signals are caused by the triplex per se. Supporting this conclusion, transcription blockage is additionally enhanced in the presence of manganese ions, which are known to be potent stabilizers of DNA triplexes (24) .
Judging from the results for the triplex-bulge and duplexbulge constructs, the presence of long single-stranded regions does not cause any strong blockages, indicating that single-stranded DNA present in our triplex-forming substrates is not a major cause for transcription blockage. However, in the case of a bulge substrate we did observe some increase of weak, diffusive blockage signals localized in the downstream duplex region (Supplementary Figure S3) . Previously, we had suggested that the exacerbation of these weak downstream blockages could be due to the R-loop formation (37) . R-loops can easily be formed during transcription of our triplex-forming templates, as they contain single-stranded DNA regions, which might enhance triplexmediated blockage.
In addition, transcription blockage does not appear to be sensitive to the type of monovalent metal cation (potassium versus lithium) arguing against the role of G-quadruplexes.
Rather unexpectedly, transcription blockage was exacerbated by increased concentrations of monovalent metal The simplest mechanism of blockage is expected for (a→d)-r configuration, in which RNA polymerase (RNAP) (gray oval) is bumping into the triplex and is unable to unwind it. In this case, the template strand (red) is involved in Watson-Crick and Hoogsteen interactions and RNA polymerase has to disrupt the triplex as a whole (see the scheme in the dashed line-border box below). At the same time, two displaced strands are not pairing with each other resulting in the high entropic barrier for triplex re-formation. (B) The mechanism of blockage in the case of (d→a)-y configuration is more complex: on one hand, the energetic barrier for the triplex dismantling is lower, since only Watson-Crick interactions have to be disrupted to make the template available; on the other hand Hoogsteen interactions at the displaced strands could persist, decreasing the entropic barrier for triplex reformation (see the scheme in the dashed line-border box below). Altogether, it is easier for an elongating RNAP to unwind the triplex in (d→a)-y than in (a→d)-r construct (in Figure 8, A) , but the probability that it would be 'pushed back' by triplex reformation is greater in (d→a)-y construct. In the (d→a)-y configuration, RNAP could be sequestered by sterical constraints even before it started to unwind the triplex. This sequestration is gone if the H-DNA-like structure is cut at its triplex-duplex junction (bottom). Finally, hybridization between the nascent RNA and the template strand (bottom) could also contribute to the blockage in the (d→a)-y configuration.
cations regardless of their type. Our DNA melting experiment shows that triplex stability is not increased by the increased concentrations of monovalent cations. We believe that monovalent cation-induced blockage is likely due to a destabilization of the transcription complex (29) making it more sensitive to inherent obstacles in DNA templates. The latter observation could be of high biological relevance as the intracellular concentration of monovalent metal ions (∼150 mM) is comparable to that used in our experiments.
Sequences that can form intramolecular triplexes are unusually frequent in genomic DNA. Bioinformatics analyses of the human genome has revealed that long homopurinehomopyrimidine tracts occur once per 50 000 bps (38) . Moreover, mirror repeats are overrepresented among these homopurine-homopyrimidine sequences (39) . Since H-DNA is the only known structure that requires its sequence motifs to be both homopurine-homopyrimidine and mirror symmetrical, the overrepresentation of mirror repeats among homopurine-homopyrimidine sequences implies some biological function of H-DNA. Clusters of Hpalindromes are found in the pseudoautosomal region of the sex chromosomes, which are essential for meiotic segregation and recombination, as well as in genes involved in cell communications in the brain (40) . H-palindromes are also common elements of eukaryotic promoters, including c-myc, and have been implicated in the expression of many disease-linked genes ((41) and references therein). Finally, formation of H-DNA has been implicated in transcription blockage by expanded (GAA) n repeats responsible for the human genetic disease Friedreich's ataxia (11).
Transcription blockage mediated by H-DNA-like structures may lead to various biological consequences, including transcription-related genome instability (reviewed in (4)). Of a particular interest is the model of 'gratuitous' transcription-coupled repair (gratuitous TCR) ((42), reviewed in (43) ), proposing that these structures may be recognized as lesions by the TCR machinery. This could trigger futile cycles of excision and repair replication, eventually causing mutagenesis. Collisions between blocked transcription complexes and DNA replication machinery may further contribute to genomic instability. We can also think of positive biological effects coming from triplex-mediated transcription arrest. A recent report suggests that DNA lesions that do not block transcription could still be repaired by TCR, when a stalled RNA polymerase is present in the vicinity (44) . Thus, it is possible that unusual DNA structures arresting transcription could sensitize the TCR machinery to nearby DNA lesions that do not block transcription per se.
